Introduction
Diamond exists in essentially 4 forms: natural diamond, synthetic diamond (grown by the High Temperature High Pressure route), chemically vapour deposited diamond (CVDD) and polycrystalline diamond (PCD). As noted in the review by Field [1] and separately by Field and Pickles [2] , all the various forms of diamond have experimental challenges in measuring the mechanical properties.
It is probably true to say that PCD materials are the least well-understood.
Applications of PCD include machining and drilling where the temperatures at the workface are very high (red heat). In order to understand its fracture characteristics and to be able to extend the capabilities and potential application areas of polycrystalline diamond (PCD), there is a need to determine the mechanical properties of the material under typical in-service conditions. A limited knowledge of material properties under static loading rates and room temperature conditions is of little value when analysing the transient behaviour of the cutting tool under typical operating conditions encountered during the drilling of an oil well. Some mechanical properties of chemical vapour deposition (CVD) and natural diamond, as well as polycrystalline diamond compact (PDC), have been investigated at room temperature, i.e. tensile strength, transverse rupture strength, compressive strength, impact strength, fracture toughness and elastic constants as described below. The quasi-static Young's modulus of two grades of PCD has been determined at room temperature in [3] . Clearly, however, the availability of fracture and mechanical properties of PCD at low rates and low temperatures is not sufficient to satisfy industrial and academic needs, due to their irrelevance to in-service drilling conditions. Only a limited number of physical properties of diamond are known at high temperatures. This includes the Young's modulus which is an important parameter for mechanical applications in general.
Werner et al. [4] made remarks on the high temperature Young's modulus of synthetic diamond grown by microwave assisted CVD and tested in three-point bending.
Young's modulus testing of PCD/WC-Co specimens was carried out by Belnap and Griffo [5] by tapping the simply supported samples and measuring their resonant frequency, according to the relevant testing standard [6] .
Tensile and fatigue strength of free-standing CVD diamond was measured in three point bending by Davies et al. [7, 8, 9] . Field et al. [1, 2] worked on determining strength, fracture and friction properties of natural and synthetic diamond. Widely scattered data and even discrepancies in the measurement of the strength of free standing diamond film were frequently reported [10, 11] . Scatter occurs due to the fact that a variety of techniques were used to characterize the mechanical properties, and results from one particular technique are not always comparable to another.
The material properties of PCD include high hardness and strength, combined with moderate toughness. Early measurements of the mechanical properties were made by Gigl [12] and Roberts [13] . A comprehensive study has been made by Lammer [14] .
He has shown that PCD materials behave in a manner similar to that of most engineering ceramics, but have the distinct advantage of a higher fracture toughness.
He also summarised the properties of PCD materials in terms of the type of PCD, regardless of the grain size and whether they are they supported or free-standing. As with other ceramics, the transverse rupture strengths increase as the grain size decreases. When the data are plotted against d (-1/2) , where d is the grain size, there are two distinct regimes of behaviour. Various mechanisms are suggested [14] : those based on dislocations are thought to be inappropriate for PCD and the favoured explanation is the one from Rice [15] . He argued that flaws of length c, introduced during machining and surface preparation, are generally independent of the grain size consists of 30 micron grains with 7 wt % Co. As the G6 material has more grain boundaries, a larger amount of cobalt is expected. Rectangular cross section specimens were employed for the quasi-static flexural tests and the tests were performed using a standard screw-driven Hounsfield tensile testing machine. The second set of specimens were disc shaped and used for high rate compression tests on a split-Hopkinson pressure bar apparatus (SHPB).
Experiments were carried out in air at a range of loading rates and temperatures. The average modulus and strength of a material are often obtained from a larger number of samples, but cost effectiveness was a primary concern in this case, and therefore between 3 and 5 specimens were used at each combination of loading rate and temperature. Loading rates were varied from quasi-static values of 1 mm/min up to dynamic impacts of 38 m/s. The temperature was varied from room temperature up to 680°C in the quasi-static tests using a custom made high-temperature testing chamber [16] . In the case of dynamic tests, a small cylindrical heating unit was made of stainless steel and attached to the SHPB setup in order to heat the specimen up to 300°C.
Experimental procedure

Quasi-static Young's modulus tests
Young's modulus quasi-static tests were performed in four-point bending under normal atmospheric conditions at room temperature, 300°C, 600°C and 680°C, Handyscope HS3 for capturing the strain signal. Each test piece was inserted into the test jig and centralized. A steadily increasing force was applied to the test specimen at a constant cross-head displacement rate of 1 mm/min and 100 mm/min until the specified maximum load was obtained which avoided the occurrence of fracture.
When the maximum selected force was achieved, the direction of the machine was reversed and the load was reduced to zero. This cycle was repeated a few more times to the same peak load until repeatable results were obtained. The first cycle may show a different response to subsequent cycles as the test piece beds down into the test jig and the machine movement stabilizes. The use of both loading and unloading cycles is required in order to take machine hysteresis into account and to test strain gauge adhesion. The load and time were recorded automatically by the machine and the strain on the tensile surface was measured using the strain gauges continuously over the whole loading range. The load increases linearly with strain from which a reasonable calculation of Young's modulus can be made according to the following equation:
where d 1 is the spacing between the inner and outer roller, and Δε is the strain change over the defined load range ΔF.
Dynamic Young's modulus tests
The SHPB apparatus used for these tests consists of two long cylindrical bars of 10 mm diameter, 1000 mm long and made of 316L stainless steel. A gas gun capable of achieving projectile velocities in excess of 100 m/s fires the stainless steel striker. The barrel length is 750 mm with a 10 mm diameter bore. PCD specimens tested were cut into disc shapes with a 9 mm diameter and 3 mm thickness.
SHPB testing of superhard PCD materials was found to be very difficult. Problems encountered during testing necessitated modifications of conventional Kolsky analysis [17] . It was necessary to instrument the specimen with a minute strain gauge and measure the strain directly rather than using the conventional method of integrating the reflected strain in the incident bar. The reason for this is the very high impedance of the PCD material. Generally, the harder the material being tested, the lower the level of the reflection is obtained. This effectively means that the reflected wave in the steel bar is very small and becomes lost in the noise, and significant errors resulting from the strain integration are unavoidable. For this reason, the specimens were instrumented by Micro-Measurements type EA-031EC-120 minute strain gauges with gauge dimensions 0.79 mm x 0.81 mm, as shown in Fig. 2 .
Fig. 2. Specimen instrumented with minute strain gauge
The measurement of the stress wave was performed by Radionics type 632-146 strain gauges attached to the transmitter bar and wired in a full bridge configuration, thus compensating for bending and temperature. Gauges were attached as close to the bar/specimen interface as possible, thus improving measurement sensitivity over a shorter period of time. The stress value in the test specimen σ s (t) can be found by a 1D
wave analysis using the transmitted wave:
where E is the Young's modulus of the bar material, A s is the instantaneous crosssectional area of the specimen, A b is the cross-sectional area of the bars and ε t (t) is the transmitted strain.
The temperature is taken as the initial equilibrium temperature of the specimen and therefore poses no experimental problems. Heat generated during the process is neglected as the PCD samples are extremely stiff and their deformation is negligible.
The high temperature tests were performed in the same way as those at room temperature, with the addition that the cylindrical heating unit was placed symmetrically around the specimen itself and a short portion of the pressure bars adjacent to the specimen, as shown in Fig. 3 necessary to correct the test data for the temperature gradients in the pressure bars, which are roughly exponentially decreasing with the distance from the test specimen.
These gradients have two effects on the strain signal: a continuous change of amplitude and a continuous change of wave velocity. An amplitude correction factor is derived [18, 19] and employed in the following form:
and
where T 0 is the ambient temperature, T is the temperature of the specimen, a 1 and a 2 are constants that satisfy a relation for a linearly temperature dependent Young's modulus E = a 1 + a 2 (T -T 0 ). The ratio ε 0 /ε T is the ratio of the strain recorded at the gauge station at ambient temperature T 0 to the actual strain at the specimen at temperature T. The correction factor for the pulse duration can be derived through the velocity of the pulse given by the strain amplitude multiplied by the elastic wave speed:
( )
from which the following relation results:
Testing at temperatures above 300°C is not feasible at present, due to the absence of the appropriate miniature strain gauge pattern on the market, and also due to the problems of sintering thicker disk shaped specimens to allow the use of larger strain gauges.
The Hopkinson bar was also used by Feng and Field [20] to obtain the strength of diamond particles at different strain rates. They found that the ends of the WC bars in the Hopkinson bar apparatus were damaged. To avoid having to polish the ends of the bars after every shot, thin WC slices of 2 mm thickness were glued to the bars.
However, this problem has not been encountered in the present work.
Flexural strength tests
Flexural strength quasi-static tests were performed in three-point bending at 1 and 100 mm/min and two temperature levels, 25°C and 300°C, according to the standard BS EN 843-1:2006. The test setup was the same as for the quasi-static E tests. The force was applied at a constant cross-head displacement rate until the specimen fractured.
The only measured parameter required is the peak force supported by the test piece at the instant of failure, which is recorded automatically by the machine. The nominal fracture strength of each test piece can be calculated from the following bending equation:
Results
Overall Young's modulus results, at both quasi-static and dynamic rates, are presented in Figs. 4 and 5 for the G6 and G30 material, respectively. The flexural strength of each material as a function of loading rate and temperature is presented in Fig. 7 . 
Heat treatment of fine grain PCD test specimens
In order to determine if the residual stresses contained in the PCD samples as a result of the manufacturing process have a significant influence on these test results, two forms of heat treatment were carried out on the fine grain material: annealing and quenching. Six G6 three point bend specimens were heated up to 650°C in a programmable oven for 10 minutes. Three of those were cooled down rapidly by quenching in oil, subjecting the material to thermal shock, while the other three were cooled very slowly in air, decreasing the temperature in the oven by 10°C every minute, in an attempt to relieve any residual stresses they might contain. The specimens were then tested in three point bending at 1 mm/min and their flexural strengths were compared to the as-received values, as shown in Fig. 8 . 
Discussion
There has been very little research conducted in the area of mechanical properties of superhard materials. The sparse data which is currently available in the literature is not sufficient to accurately predict the behaviour of a PCD cutting tool under typical operating conditions encountered during drilling operations. The boundaries have now been pushed to dynamic rates and high temperatures very close to the temperature of diamond graphitization.
As can be seen from Figs. 4 and 5, both material grades exhibit relatively constant Young's modulus behaviour across five decades of strain rate. A consistent decrease of Young's modulus is observed with an increase of temperature up to 600°C, as can be expected due to softening of the binder material, after which a rather sharp drop in Young's modulus occurs. This strong reduction in E values above 600°C is clearly visible in Fig. 6 , which is in line with what has been observed before in [4] .
The flexural strength experimental results show that an increase in average grain size reduces the flexural strength. This was ascribed to the flaws present on the tensile surface, whose size was found to be proportional to the grain size of the material. An increase in temperature level results in a corresponding increase in flexural strength by about 7-12% for both PCD grades. On the other hand, the increase in loading rate also caused a decrease in flexural strength of both material grades. The mechanism responsible for this behaviour can be explained considering the structure of PCD.
Essentially, PCD materials have a skeleton of diamond grains filled with cobalt, or in other words, hard crystals of diamond with a softer metal. Using SEM and XRD, Pipkin and Wilson [21] have shown that plastic deformation is induced in the particles during sintering and true diamond to diamond bonding occurs. Increasing the temperature, cobalt becomes softer resulting in an overall decrease in modulus and an increase of the flexural strength. On the other hand, an increase in the loading rate causes cobalt to become more brittle [22, 23, 24] , which as a consequence has an overall reduction of flexural strength.
Quite high standard deviation was obtained. This is common however when testing the flexural strength of brittle materials as these materials have long been known to exhibit a wider degree of scatter, even under identical testing conditions, when compared to that of ductile materials. This deviation in PCD materials is associated with the effect of small defects on the tensile surface of up to 2 microns in depth, as well as the extremely brittle nature of the material. This is discussed further in the context of the fracture characterization of these materials as reported in [25] 
Conclusions
The Young's modulus results obtained from the instrumented sample tests were very satisfactory with a noticeably small standard deviation returned of up to 2.3% maximum. A slight and almost negligible increase in Young's modulus of only few GPa was observed at higher rates, which indicates that PCD does not manifest any considerable increase in stiffness when subjected to increased strain rates.
Discrepancies within calculated Young's modulus values can be most likely ascribed to experimental error considering the complexity of the testing system.
Although a very high discrepancy was found in the flexural strength tests, it was still possible to see a clear trend of increasing flexural strength with temperature, as well as its reduction with strain rate. Further tests on annealed samples indicate that the amount of residual stresses in the PCD specimens is quite negligible and does not influence the mechanical and fracture properties of the tested materials.
